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A macroscopic theory is derived for surface-enhanced Raman scattering. The
enhancement can be explained by the field intensification which occurs near a

point at which the dielectric constant vanishes.

PACS numbers: 42.65.Cq, 78.30. — j

Experiments on the Raman scattering by molecules adsorbed on the surfaces of
various metals have shown that the scattering cross section in this situation is five or
six orders of magnitude larger than that of the same molecules in a pure medium."?
In this letter we will show that this surface-enhanced Raman scattering (or “giant in-
tensification” of Raman scattering) can be explained by the well-known field inten-
sification®* which occurs near a point at which the dielectric constant vanishes as
electromagnetic waves propagate through an inhomogeneous medium. An analogous
scattering enhancement was predicted by Piliya® and has recently been observed in an
inhomogeneous plasma by Budnikov et al.®

According to Rowe et al.” the characteristic dimensions of the surface relief
(200-2000 A) are much smaller than the wavelength of visible scattered light. We
may thus introduce the concept of a transitional surface layer in which the effective
dielectric constant €(z) varies along the coordinate z, which runs perpendicular to the
surface of the metal, but is constant along the Ox and Oy axes. The thickness of this
layer, d, is smaller than the skin depth and much smaller than the wavelength of the
light. Within this transition layer, € changes from its value of e=1 in a vacuum to a
large negative value €, in the metal. The profile e(z) thus has a point at which e=0.
Near this point, the e(z) dependence can be assumed linear. We thus have a model of
a multilayer vacuum—(linear layer)—metal structure for this system.

Let us consider the case of the oblique incidence of a light wave Ef=(£%, 0, EL)
which is polarized in the plane of incidence, in accordance with the experiments of
Ref. 7. The most convenient approach for solving the light-scattering problem is to
calculate the field of the scattered wave from Maxwell’s equations, in which € has a
small increment 8¢,,,(¢) which fluctuates because of intramolecular vibrations of the
adsorbed molecules. For simplicity, we shall consider scalar scattering by a single,
completely symmetric vibration of the /th molecule in the linear layer at the point
1;=(0, 0, Z;), for which 8¢, =8,,8€. The total dielectric constant of the transition
layer is
€z, t) =az+8elt), Se‘zaoa(r-rl)e‘iﬂ‘, 6))

where a~! is a parameter of the order of d, the thickness of the transition layer;
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ag =vo 0€/00Q Qo, (Vo is the volume of a molecule), and 2 and Q are the frequency
and normal coordinate, respectively, of the active vibrational mode of the /th mole-
cule.

The field of the scattered wave, ES , can be found by the usual method of succes-
sive approximations in the small parameter £5/E7 << 1. The wave equation determin-
ing the field E=E’+ES in the linear layer is

d°R
VxVx E ~az— -ul)2scE!, )
d 2

where k7 is the wave number of the incident light wave.

The field of the incident wave inside the layer, E7, is also determined from Eq.
(2), with 8¢ =0 and with boundary conditions which depend on the particular model
adopted for the transition layer. We assume here that e varies in accordance with
linear law (1) over the interval - d/2 <z <d/2 in the layer and jumps discontinuously
at z=-d/2 to the value e=¢,,. The results of the calculation actually depend on the
parameter « in (1) and are relatively insensitive to the details of the €(z) behavior. In
the lowest-order approximation in the small parameter k’d << 1, and under the
assumption that | €,, |>>>1, we find

2 cos 0,
El =Elf ik'd [sin?6, In[22/d | - 22/d] - —— )
Ve,
€))
K Kl
Elz =E£ d'sinei/z; sin@i = —— ,8inf, = — ,
r T
k ke

where EJ is the amplitude of the incident wave, and k% is the x component of the
wave vector k7. In the zeroth approximation in k%d << 1, the coefficients of the re-
flected wave (in the vacuum) and of the refracted wave (in the metal) are the same as
those given by the Fresnel equations.

To find the field of the scattered wave EX produced by a molecule at the point
z;, we seek a solution of Eq. (2) as a Fourier expansion in the polar coordinate system
(kS , %) in the first approximation in the fluctuating increment ¢, where
(K$)? = (k% +4,)* +(ay)?*, ax and q, are the components of the momentum trans-
ferred by the molecule as a result of the scattering, and tan ¢ =g, /(g5 + kfc).

The solution of Eq. (2) can be expressed in the standard way in terms of its
Green’s function,®

Ef; =a, (M )2 (D (2,85 k) JE] (£)8(2, - ¢ ) d¢, @

where Dz, §; k‘f ) are the components of the Green’s function, and i,j=x,y, z.

It is important to note that the component D, has a singularity at small values
of z, and it is this singularity which determines the enhancement of the emission by a
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source near the z=0 plane. After determining the Green’s function, using the bound-
ary conditions at z=+td/2 and the condition kSd << 1, we find the field of the scat-
tered wave to be E§ =E‘,§0 efkﬁ z, where

a, (k1) ) 4 |2 kS
Edo = Ef —— (—)@ex+ e,|. Q)
ik 2zl

S
kll

Here (k5)2 = (k5)% - (k1)?; e, and e, are unit vectors along the Ox and Oz axes; and
the quantity @, a function of the angles, is defined by

ki

® = 2sin 6, sin6? , sin 67 = — (6)
L S
Taking the inverse Fourier transform of the field E3, and expanding the plane wave
ei%Sr in spherical harmonics, we find the field ES at an observation point at a large
distance r from the scattering molecule:
: kS s
Es(l‘,t)=Eio {(cos ) — cos@etk T, @)
r
where @ is the azimuthal angle of the observation point.

It follows from (5) that the scattering is dominated by molecules in the strong-
field region. If d is not too small, the size of this strong-field region and the strength
of the field are determined by absorption, i.e., by Ime.

Let us assume that Ime, like Re(e - 1), is proportional to the average electron
concentration in the layer, which varies along z. Near z=0 we then have Ime(0)
=Im €,,/Re ¢,,. Weaccordingly replace az in (2) by az +i Ime(0). (The absorption is
negligible far from the point z=0.) Taking an average over the positions of the mole-
cules along the oz axis (integrating the intensity over z; within the Jayer), we find the
time average of the intensity of the light scattered into a solid-angle element d{2 to be

_ c ; Re €, Y
dl = —— a2 (k')* (0E! )2 —Z ) 40 ®)

16 2 Ime
m

Expression (8) contains the factor G =(Re €,,/Im €,,)?, which is not found in the ex-
pression for the intensity of the light scattered by a molecule in a pure medium. This
new factor describes the enhancement of the scattering at the rough metal substrate.
Estimates based on the optical constants of copper, silver, and gold for various wave-
lengths show® that G is highest in the case of silver, which has the lowest value of
Ime,, in the optical wavelength range. An order-of-magnitude estimate for silver
yields G=5X 10* for hw’=2.1 eV (w' is the frequency of the incident light), in ac-
cordance with the experiments of Ref. 7. The factor G increases with decreasing
hew! and reaches a maximum G =10° at hw!=1.14 ¢V. The region of the maximum
field, which is limited by absorption, has a thickness d/G'/® and becomes smaller as

d decreases. The minimum size of the strong-field region is of the order of the dimen-

sions of the molecule, 7o, so that the maximum field for a small thickness d is
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ES ~FE4(dfro)?. The coefficient G, therefore, is no greater than (d/ro)? in any case,
and it vanishes in the case of a smooth surface. The factor ®? in (8) describes the
strong angular dependence of the scattering, in particular, there is no scattering along
the direction perpendicular to the surface.

Chen et al.*® have recently observed a pronounced increase in second-harmonic
generation upon reflection from the rough surface of a pure metal; this observation is
direct evidence of a pronounced intensification of the field near the metal surface.
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